T o arrest the depletion of ozone layer, CFC-12, which has been widely used in automobile air conditioners or household refrigerators, is being replaced by an alternative refrigerant HFC-134a. At this juncture, it is not possible to maintain the same level of reliability and refrigeration performance when the CFC refrigerant alone is replaced by HFC-134a.
Introduction
CFCs have been widely used as excellent refrigerants since the 1930s. Nowadays, however, their use is regulated to arrest the depletion of the ozone layer. In November 1992, in Copenhagen, Denmark, the international Montreal Protocol treaty was amended to accelerate the phase out of CFCs, to be completed by January, 1996. The parties also came to an agreement to restrict the use of HCFCs and to completely phase it out by 2030. Now, new technology for using alternative refrigerants is urgently needed.
As an alternative for CFC-12, which refrigerant has been widely used for automobile air conditioners or domestic refrigerators, HFC-134a is regarded as an appropriate refrigerant.
The main reasons for its choice follows: similarity of its thermodynamic properties to those of CFC-12, no ODP (Ozone Depletion Potential), and its nontoxicity as judged by DAFT (Program for Alternative Fluorocarbon Toxicity Testing)1).
At this juncture, it is not possible to maintain 3. Test Procedure 3.1. Evaluation of Miscibility Miscibility was evaluated in accordance with the method prescribed in JIS K 2210 (equivalent to ASHRAE Standard). In the case of HFC/ lubricant mixtures, immiscible zones exist both in high and low temperature zones, as shown in Fig.  1 . The two points in Fig. 1 , namely the UCST (Uppermost Critical Solubility Temperature) and LCST (Lowest Critical Solubility Temperature), mark the upper and lower limits of the miscible temperatures.
This paper deals only with the UCST influences the performance of compressor. The lower the UCST, the better the miscibility. 3.2. Evaluation of Lubricity 3.2.1.
Lubricity in the Atmosphere First, the lubricity in the atmosphere was examined with Falex type friction tester, which is widely used for evaluation of lubricity of refrigerator oil. The journal was rotated at a speed of 290min-1 linearly with two V-blocks contacting the journal.
After rotating for five minutes at an initial load of 0.2kN, the applied load was increased by 0.2kN/min until the friction coefficient sharply increased as a result of seizure. Lubricity was evaluated by the seizure load at room temperature.
Lubricity of Refrigerant/Lubricant Mixture
Lubricity in an environment influenced by a refrigerant is entirely different from that in the air. Refrigerant effect on lubricity must be taken into account since the friction occurs in an environment influenced by refrigerant.
The apparatus with a pressurized container was set up for evaluation of lubricity of refrigerant lubricant mixture2-5). Shown in Fig. 2 is a schematic diagram of the tester. Various modes of friction can be chosen by changing the form of the sliding part. Here, the sliding mode, shown in the figure, was adopted.
The pressurized container was rinsed with toluene before the tests. After the container was dried and degassed, the refrigerant/lubricant mixture was introduced into the container. The friction test was carried out by rotating one slider against another mounted in the container, at a speed of 1,200min-1.
After rotating for five minutes, at an initial load of 0.2kN, the applied load was increased at an increment of 0.2kN/min. The load was applied until the friction coefficient sharply increased as a result of seizure. Lubricity was evaluated by the seizure load at room temperature. The former is becoming to be used in household refrigerators, and the latter, in automobile air conditioners. Although it has been reported that other base oils such as carbonates6), fluorosilicons7) etc. have good miscibility with HFC-134a, this study deals with POE and PAG only, because other base oils have not been yet examined thoroughly. Shown in Tables 1 and 2 are the POEs, PAGs, respectively, which were taken as test samples. Alkylbenzene and mineral oils are listed for reference in Table 3 Esters are formed by reaction of alcohols and fatty acids.
There are many variations according to the combinations of the two. In this section, miscibility, in terms of UCST, is discussed from the view point of molecular structure of the lubricants. The molecular structures of the fatty acids, which were used as a starting material for synthesis of esters, had considerable influence on the miscibility.
Esters with a branched carbon chain had better miscibility than those with a straight carbon chain.
Fatty acids were separately tested to examine the effect of molecular structure of fatty acids on miscibility.
Shown in Fig. 5 are miscibility of two fatty acids (n-Cs and br-Cs acids) with HFC134a. The fatty acids were miscible with HFC-134a and their miscibility were greatly dependent on their molecular structures.
Here again, the fatty acid with a branched carbon chain had better miscibility than that with a straight chain.
It was found that the structure of fatty acid is indirectly related with miscibility.
Miscibility is dependent on the hydrogen bonding which occurs at carboxyl group in fatty acid.
It is considered, therefore, that the effect of carboxyl group is ascribable to in ester, although fatty acid itself changes its structure upon esterification.
(b) Dependency of miscibility on carbon number of fatty acid The relationships between number of carbons of The greater the carbon number of fatty acids used in esterification, the lower was the miscibility of the ester.
Among the three, the ester of NPG had the best miscibility, and the ester PE, the worst.
While miscibility improved with decrease in the number of carbons of the fatty acids, viscosity decreased, as shown in Figs. 8 Miscibility of HFC-134a/PAG Mixture Table 5 shows the miscibility of mixture of PAGs with HFC-134a.
PAGs, as well as POEs, showed miscibility with HFC-134a, depending on their molecular structures and viscosities. The samples had their molecular structures modified in order to satisfy various properties.
It was possible to balance the miscibility with HFC-134a and viscosity, as far as the prepared samples were concerned. 4.2. Lubricity CFC-12 itself has high lubricity, and works well as EP (Extreme Pressure) agent in CFC-12/ lubricant mixtures9-11). Although it has been reported12) that HFC-134a, too has lubricity by itself, its EP effect is very low, compared with CFC-12.
Lubricants of higher lubricity, therefore, are required when HFC-134a is used, rather than when CFC-12 is used.
For this purpose, i.e. to improve the lubricity, a phosphorus type EP agent was added to the lubricants and tests were carried out to evaluate the additive effect. 4.2.1.
Lubricity in the Atmosphere First, lubricity in the atmosphere was evaluated by Falex type tester.
For POE and PAG, as shown in Figs. 10 and 11 , the friction coefficients are plotted against applied load, with additive content as a parameter.
POE and PAG did not show Presently, PAG-based lubricants have come to be used in automobile air conditioners, while POEbased ones are used in household refrigerators, by skilful modification of molecular structure of base oil and by combination of various additives. When it comes to practical application, however, there still remain some points yet to be examined in order to enhance the reliability of refrigerating system for long-range operation: (a) the durability of additives, (b) the chemical interactions among additives, (c) the effect of their interaction to other properties such as chemical stability and lubricity. At the same time, it is none the less important to design the refrigerant compressor system by taking into account the characteristics of the lubricant. No matter how excellent the lubricity of the lubricant itself, the lubricity sharply drops with excessive increase in refrigerant mixture ratio in HFC-134a compressors. 
